The Switched Reluctance Generator (SRG) is suitable for wind power generation due to its good reliability and robustness. However, The SRG system adopting the conventional control algorithm with Pulse Width Modulation (PWM) method has a drawback, low response speed. The pulse train (PT) control has been widely used in dc/dc power converters operating in the discontinuous conduction mode due to its advantages of simple implementation and fast response. In this paper, for the first time, the PT control method is modified and adopted for controlling the output voltage of SRG system in order to achieve fast response. The capacitor current on the output side is sampled and combined with the output voltage to select the pulse trains and the low frequency oscillation cased by PT can be suppressed by tuning the feedback coefficient of the capacitor current. Also, good performance can be guaranteed with a wide range of voltage regulations, fast response, and no overshoot. The experimental platform of an 8/6 SRG system is built, and the experimental results show that the PT control can be used for SRG system with good practicability.
Introduction
With the rapid development of the economy energy shortages have become an inevitable problem. As a clean and abundant energy source, wind energy has been widely used. Wind power has the good features of wide distribution, large reserves, cleanness, security, etc. Therefore, wind power generation has attracted general attention from countries all over the world. Following this trend, there is a rapid development in wind power generation technologies and the wind power industry [1] [2] [3] .
Switched reluctance generators (SRG) have advantages such as simple structure, high fault-tolerant ability, high operating efficiency, and hard mechanical properties, which make them widely used in aerospace, mining, textile, papermaking, and other industries [4] [5] [6] . The rotor of the SRG has no winding, no brush, and no permanent magnet so that the manufacturing cost is low and no copper loss is encountered. Since the SRG power generation system can be operated synchronously with a wind turbine, it is not restricted by stability issues when the frequency is low. Therefore, even if the wind speed is low, it can also ensure that the system runs with a high efficiency of power generation through reasonable design and control. At the same time, the application of current direct drives has become the developing trend of wind power generation systems, the advantages of SRG are attracting more and more attention than those of other generators. In particular, the magnetic and electric circuits are
SRG Power Generation System

Principle of SRG
The SRG is a doubly salient varied reluctant motor, and the salient poles of stators and rotors are superposed by the common silicon steel sheet [25] . Figure 1a shows the structure of a SRG, of which phase A is taken as an example to illustrate the principle of its power generation. The SRG rotates clockwise to the position as shown in Figure 1a under the external force (wind power), and the switches S 1 , S 2 are closed, then excite phase A and form the circuit S 1 →A→A'→S 2 . Figure 1b shows the excitation and freewheeling phases: First, the winding of phase A absorbs electrical energy from the source. Then, S 1 and S 2 are switched off and the winding of phase A is subjected to freewheeling through the freewheeling diodes, thus feeding back the energy stored by the winding to the DC power supply.
Because both the excitation and armature windings of the SRG are stator windings, the process of excitation and power generation must be controlled periodically. Its excitation process is controllable, while the generation process is not controllable, so the power generation is commonly controlled by adjusting the excitation current.
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A SRG power generation system has two main excitation modes, which includes self-excitation and separate excitation. This paper chooses the separate excitation mode shown in Figure 2 , which can separate the power generated by the winding from the excitation power completely and ensure high stability [26] . The control methods have been proposed for regulating the output power of SRG, such as angle position control (APC), current chopping control (CCC), and pulse width modulation (PWM).
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Control Methods of SRG
The APC control mode regulates the current waveforms by changing the turn-on angle (θon) and turn off angle (θoff). The output current can be changed by tuning the turn-on angle (θon) and turn off The control methods have been proposed for regulating the output power of SRG, such as angle position control (APC), current chopping control (CCC), and pulse width modulation (PWM). The APC control mode regulates the current waveforms by changing the turn-on angle (θ on ) and turn off angle (θ off ). The output current can be changed by tuning the turn-on angle (θ on ) and turn off angle (θ off ), as shown in Figure 3a . It can be seen that, higher conduction angles could lead to a larger output current. APC control can also be divided into the modes of changing θ on , θ off and both θ on and θ off together [27] .
CCC is a method that directly chops the phase currents during the specific position of each phase. In CCC, the current i is compared with the chopper current (i chop ). When the rotor position angle is between θ on and θ off , where θ on < θ < θ off , if I ≤ i chop , the switches are turned on, then the current i rises and gradually reaches the chopper; or else, the switches are turned off and the current i declines, as shown in Figure 3b . As compared with the APC control, where the current is not controllable, CCC directly controls the phase current and can get more accurate control performance [28] .
The PWM control applies the PWM modulation signals on the main switches and adjusts the excitation voltage by changing the duty cycle to realize the control of excitation current. The PWM control of SRG can also be divided into two methods: one uses the PWM cut double tubes, and the other uses the PWM cut single tube. These two methods adjust the size of the excitation current and ultimately realize the control of output voltage. The waveforms of phase current by using PWM control is shown in Figure 3 . angle (θoff), as shown in Figure 3a . It can be seen that, higher conduction angles could lead to a larger output current. APC control can also be divided into the modes of changing θon, θoff and both θon and θoff together [27] . CCC is a method that directly chops the phase currents during the specific position of each phase. In CCC, the current i is compared with the chopper current (ichop). When the rotor position angle is between θon and θoff, where θon < θ < θoff, if I ≤ ichop, the switches are turned on, then the current i rises and gradually reaches the chopper; or else, the switches are turned off and the current i declines, as shown in Figure 3b . As compared with the APC control, where the current is not controllable, CCC directly controls the phase current and can get more accurate control performance [28] .
The PWM control applies the PWM modulation signals on the main switches and adjusts the excitation voltage by changing the duty cycle to realize the control of excitation current. The PWM control of SRG can also be divided into two methods: one uses the PWM cut double tubes, and the other uses the PWM cut single tube. These two methods adjust the size of the excitation current and ultimately realize the control of output voltage. The waveforms of phase current by using PWM control is shown in Figure 3 . 
Analysis of Output Voltage Ripple of SRG
At the stage of building up the voltage field in the self-excited mode of SRG, the excited voltage source U S provides an initial excitation voltage to the system. The self-excited mode generator system has heavy weight and high efficiency. However, when the loads fluctuate seriously and the capacitor charges or discharges, control difficulty of the irregular excitation current is encountered. The irregular excitation will finally result in the output voltage ripple, having an impact on the power generation performance and causing certain damage to the SRG's body that shortens the lifetime of SRG.
The voltage balancing equation of the kth phase winding is given by
The phase inductance L k (i k , θ) is a function of the phase current i k and the rotor position angle θ. Therefore, (1) can be converted to;
where U k is kth phase output voltage, L k is the phase inductance, ω is the generator angular speed, R k is the resistance of the phase winding, and i k is the phase current. In the nonlinear model, the voltage at generator windings in excitation and power generation are given by;
It is supposed that the load in the power generation state is R, and the voltage on capacitor is U c . In the process of excitation, the capacitor supplies power to both the winding excitation and the load, which is expressed by the following equation;
During the freewheeling process, the capacitor is charged by the winding and the capacitor supplies power to the load, which is expressed as;
with i z is the armature current. From (3), the capacitance voltage U c can be obtained, then the variation of the capacitance voltage ∆U = ∆U c can be derived. Afterwards, the variation of the output voltage in the nonlinear model can be expressed by;
where ω is the angular velocity of SRG, U c is the capacitor voltage, R is the load resistance, and Q is the energy storage during the excitation phase, τ = RC.
From (6), it can be seen that the parameters that affect the output voltage ripple include the capacitor voltage U c , rpm of SRG n, load R, and capacitance C. 
Capacitance Current Pulse Train Control
The Principle of Pulse Train Control
The pulse train (PT) controlled method is put forward based on the linear control theory of the pulse width modulation (PWM) method [29] . The PT controlled method can adjust the output voltage by using two or more sets of a combination of preset control pulses, which has the advantages of simple circuit structure, no compensation network, and fast response. There is a wide application of the PT controlled method in systems with a switching power supply that need high performance [30, 31] . Figure 4a shows the schematic diagram of the PT controlled buck converter.
A PT controller consists of a voltage comparator, clock signal, flip-flop delay, and logic gate circuit. The control circuit is simple and easy to implement [32] . The main work process is as follows. In the case that the n th clock trigger signal comes, the comparator transfers the comparison V 0 of the output voltage value and the reference value V ref to delay the flip-flop. When V 0 (n) < V ref , the Q of delay flip-flop outputs 1, Q outputs 0, and the pulse control chooses P H as the effective control signal, which causes the converter to absorb more energy from the input U S , forcing the output voltage to rise; similarly, when the (n + 2) th clock trigger signal comes, the sampling of the output voltage value is V 0 (n + 2). Because V 0 (n + 2) > V ref , the Q of delay flip-flop outputs 0, Q outputs 1, and the pulse control chooses P L as the effective control signal, where the converter absorbs less energy from the input U S , forcing the output voltage to decline. The waveforms of the output voltage, inductance current, and control pulse are as shown in Figure 4b .
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where δ = (L max −L min )/β S , β S is the arc angle of the stator.
Under the control of CC-PT, the structure of the phase of a SRG power generation system is shown in Figure 5 .
The difference between the CC-PT controlled method and the traditional PT controlled method is in the matter of the sampling information. When the clock signal comes, the sampling circuit samples the output voltage V 0 and the capacitor current 
where δ = (Lmax−Lmin)/βS, βS is the arc angle of the stator. Under the control of CC-PT, the structure of the phase of a SRG power generation system is shown in Figure 5 .
The difference between the CC-PT controlled method and the traditional PT controlled method is in the matter of the sampling information. When the clock signal comes, the sampling circuit samples the output voltage V0 and the capacitor current ic of the circuit, and the sampling results are compared with the reference voltage Vref. When V0 + αic ≤ Vref, the pulse control chooses DH as the effective control signal, which causes the winding of phase A to absorb more energy from the input US, forcing the output voltage to rise; when V0 + αic > Vref, the pulse control chooses DL as the effective control signal, where the converter absorbs less energy from the input US, forcing the output voltage to decline. The selection of pulse control is expressed as: In the circuit shown in Figure 6 , the conduction of switches is controlled by cutting the single pipe. Figure 6 shows the waveforms of winding current and output voltage when switch Q2 is conducted (θ2 ≤ θ < θ5). When switch Q2 is conducted, the inductance of winding changes with θ, and the winding current is nonlinearly increased; when switch Q2 is turned off, the winding current is nonlinearly declined. When Q1 is on and θ2 ≤ θ < θ4, the winding of phase A absorbs energy and is excited by US. When θ4 ≤ θ < θ5, the winding of phase A converts the mechanical energy of the rotor to magnetic energy. When Q1 and Q2 are off, the magnetic energy stored in the magnetic field is released from phase A. Thus, the conversion between mechanical energy and electrical energy is completed in the form of magnetic energy.
The winding current iL(θ) satisfies the relationship with the current of the load i0, which is given by;
others dt (9) where Uc is the instantaneous value of the output filter capacitor voltage.
The change of the output voltage (capacitance voltage) in a switching cycle can be determined by: In the circuit shown in Figure 6 , the conduction of switches is controlled by cutting the single pipe. Figure 6 shows the waveforms of winding current and output voltage when switch Q 2 is conducted (θ 2 ≤ θ < θ 5 ). When switch Q 2 is conducted, the inductance of winding changes with θ, and the winding current is nonlinearly increased; when switch Q 2 is turned off, the winding current is nonlinearly declined. When Q 1 is on and θ 2 ≤ θ < θ 4 , the winding of phase A absorbs energy and is excited by U S . When θ 4 ≤ θ < θ 5 , the winding of phase A converts the mechanical energy of the rotor to magnetic energy. When Q 1 and Q 2 are off, the magnetic energy stored in the magnetic field is released from phase A. Thus, the conversion between mechanical energy and electrical energy is completed in the form of magnetic energy.
The winding current i L (θ) satisfies the relationship with the current of the load i 0 , which is given by;
where U c is the instantaneous value of the output filter capacitor voltage. The change of the output voltage (capacitance voltage) in a switching cycle can be determined by:
According to Figure 6 , the value of the integral item in the right-hand side of (10) equals the difference between the area of trapezium ABCD and that of the rectangle ADFE. The area of rectangle ADFE is given as:
The area of trapezium ABCD equals the sum of the areas of A 1 , A 2 , and A 3 . The area of A 3 can be regarded as L, which equals the constant value L 0 . The area of trapezium ABCD is expressed as
From (10) to (12), the change in the output voltage can be derived as
with
C . Since T 2 << LC, from (13), the change in the output voltage can be approximately expressed as
The PT controlled method adjusts the output voltage through adjusting the current of winding indirectly. When the output voltage is larger than the reference voltage, the PT controller chooses D H as the control signal, and the output voltage may vary. Similarly, when the output voltage is lower than the reference voltage, the PT controller selects D L as the control signal, and the output voltage may vary as well. The phenomenon of voltage hysteresis leads to the occurrence of low frequency fluctuations in PT control. It can be seen from (14) that the change of output voltage in a switching cycle is mainly determined by i c (nT). The output voltage increases when i c (nT) > 0, otherwise the output voltage declines.
The above analysis shows that the phenomenon of low frequency fluctuations is caused by not adjusting the output voltage in a timely fashion. If the output voltage rises when the system chooses D H , or it declines when the system chooses D L , the low frequency fluctuations can be suppressed. As the full flow of the current ripple of the winding flows into the output filter capacitance, the phase position of the inductance current ripple can be reflected in the capacitive current. In addition, as can be seen from (14) , the value of output filter capacitance only affects the output voltage.
From (14) , it can be seen that;
where i L (n) is the inductance current at the beginning of the n th switching cycle. 
where:
According to (16) , when the system parameters are determined, the combination of high and low pulse signals in a pulse cycle is determined as well. The inductance currents of windings and the output voltage change as the feedback coefficient of the capacitor and the value of load resistance change in each switching cycle, which results in the change of the combination of high and low pulses in the pulse cycle. The Lyapunov exponent function of the CC-PT control system is obtained as:
λ is always less than 0, which indicates that the CC-PT controlled system is in the steady working state when the capacitance current regulation coefficient α and load resistance R change. The output voltage of the system is oscillating at the base level and is measured by defining the standard deviation, which is expressed as:
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Optimization of Power Generation Efficiency of SRG
As shown in Figure 7 , the ratio of the total instantaneous current value during the phase of electric power generation and excitation is calculated to measure the efficiency of power generation, which is named as ɛ, and it is obtained by; 
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Experiment Model and Verification
In order to verify the validity of theoretical analysis, this paper has constructed a platform of 8/6 SRG power generation shown in Figure 8a ,b which is based on the analysis of SRG and CC-PT control. Figure 9 shows the control scheme of the 8/6 SRG system. It consists of a SRG, a servo motor, a drive board, controller (STM32), and so on. The main parts of the circuit are the encoder and sensors, which detect the location of the rotors, the values of current iA, iB, iC, iD, V0, and ic, where ic is the current though the filter capacitor.
The detail control of PI and CC-PT are shown in Figure 10 . It can be easily seen when Q2 is open, which is controlled by the APC controller, and determined by the value of ɛ (the efficiency of power generation). The PI control uses the difference of V0* and V0(t) to form a voltage loop and the PT control leads ic into the control. By limiting the overshoot of ic, the ripple of UC0 is reduced. Figure 11 shows the working principle flowchart of the STM32 controller. 
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The detail control of PI and CC-PT are shown in Figure 10 . It can be easily seen when Q2 is open, which is controlled by the APC controller, and determined by the value of ɛ (the efficiency of power generation). The PI control uses the difference of V0* and V0(t) to form a voltage loop and the PT control leads ic into the control. By limiting the overshoot of ic, the ripple of UC0 is reduced. Figure 11 shows the working principle flowchart of the STM32 controller. Figure 9 shows the control scheme of the 8/6 SRG system. It consists of a SRG, a servo motor, a drive board, controller (STM32), and so on. The main parts of the circuit are the encoder and sensors, which detect the location of the rotors, the values of current i A , i B , i C , i D , V 0 , and i c , where i c is the current though the filter capacitor.
The detail control of PI and CC-PT are shown in Figure 10 . It can be easily seen when Q 2 is open, which is controlled by the APC controller, and determined by the value of ε (the efficiency of power generation). The PI control uses the difference of V 0 * and V 0 (t) to form a voltage loop and the PT control leads i c into the control. By limiting the overshoot of i c , the ripple of U C0 is reduced. Figure 11 shows the working principle flowchart of the STM32 controller. Figure 12a , it can be seen that at a certain speed, the generation power of SRG gradually increases with the increase of θ off . Figure 12b shows the trend of ε with the change of θ off and speed. It can be seen that ε increases as θ off increases at different speeds. However, when θ off reaches a certain value, the value of ε decreases, according to which, the optimal θ off can be determined, as well as the optimal net generation power. The optimal θ off at different speeds with the condition of constant θ on are shown in Table 1 . In the same way, the optimal θ on can be obtained at different speeds with the condition of constant θ off , which is also shown in Table 1 .
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In summary, the parameters used in the experiment are shown in Table 2 . When the desired output voltage V 0 = 15 V and the load R = 8 Ω, the experiment waveforms of V 0 under PWM control are shown in Figure 13a . It can be seen from Figure 13a , when the SRG runs at a stable state with a constant speed n = 1200 r/min, the ripple of V 0 is large, which is up to 5 V. When the desired output voltage V0 = 15 V and the load R = 8 Ω, the experiment waveforms of V0 under PWM control are shown in Figure 13a . It can be seen from Figure 13a , when the SRG runs at a stable state with a constant speed n = 1200 r/min, the ripple of V0 is large, which is up to 5 V. The parameters of the SRG power generator system under the PT controlled method are: DH = 0.6, DL = 0.4, and f = 6 kHz. Figure 13b shows the experiment waveforms of V0 under the PT controlled method. The ripple of V0 is smaller than that obtained by applying the PI controlled method, but the ripple is still up to 2 V. Figure 13c shows the details of the PT controlled method. It can be seen that when V0 is smaller than the target value of 15 V, the controller chooses the PWM scheme with DH = 0.6, and the output voltage increases. On the other hand, when the value of V0 is larger than 15 V, the controller chooses the PWM scheme with DL = 0.4 to decrease the output voltage value. The parameters of the SRG power generator system under the PT controlled method are: D H = 0.6, DL = 0.4, and f = 6 kHz. Figure 13b shows the experiment waveforms of V 0 under the PT controlled method. The ripple of V 0 is smaller than that obtained by applying the PI controlled method, but the ripple is still up to 2 V. Figure 13c shows the details of the PT controlled method. It can be seen that when V 0 is smaller than the target value of 15 V, the controller chooses the PWM scheme with D H = 0.6, and the output Figure 14 shows the experiment waveforms of V 0 under the CC-PT controlled method. The coefficient of ratio α is 1. From (14) , the ripple of output voltage ∆v 0 (nT) can be calculated. The largest ∆v 0 (nT) is about ±0.49 V. It can be seen from Figure 14 that the ripple of V 0 is the smallest among these three controlled methods. The value of the output voltage ripple is about 1 V, which is consistent with the calculation results of (14) .
In order to investigate the response of the SRG system starting process, a larger filter capacitance is used in the experiment and the value of it is 0.27 F. Figure 15 shows the starting processes under the control of PI and CC-PT.
It can be easily seen that the output voltage derived by applying the PI controlled method takes about 1.4 s to achieve a stable state. However, the output voltage obtained by using the CC-PT controlled method only takes about 0.7 s to achieve a stable state. Therefore, the system under the CC-PT controlled method responds more quickly than that under the PI controlled method. Meanwhile, from Figure 15 , it also can be seen that V 0 has a bigger overshoot under the control of PI control, but there is nearly no overshoot of V 0 under the control of the CC-PT control. The ripple of V 0 derived by the CC-PT controlled method is smaller than that obtained by the PI controlled method. Figure 14 shows the experiment waveforms of V0 under the CC-PT controlled method. The coefficient of ratio α is 1. From (14) , the ripple of output voltage Δv0(nT) can be calculated. The largest Δv0(nT) is about ±0.49 V. It can be seen from Figure 14 that the ripple of V0 is the smallest among these three controlled methods. The value of the output voltage ripple is about 1 V, which is consistent with the calculation results of (14) .
It can be easily seen that the output voltage derived by applying the PI controlled method takes about 1.4 s to achieve a stable state. However, the output voltage obtained by using the CC-PT controlled method only takes about 0.7 s to achieve a stable state. Therefore, the system under the CC-PT controlled method responds more quickly than that under the PI controlled method. Meanwhile, from Figure 15 , it also can be seen that V0 has a bigger overshoot under the control of PI control, but there is nearly no overshoot of V0 under the control of the CC-PT control. The ripple of V0 derived by the CC-PT controlled method is smaller than that obtained by the PI controlled method. 
Conclusions
Based on the traditional PT control, a CC-PT controlled method is proposed in this paper to improve the performance of an SRG power system. Through experiment verification, as compared with the traditional SRG power generation system under PWM control, the CC-PT controlled SRG has the following advantages:
(a) The CC-PT controlled method can adjust the output voltage by using two or more sets of combinations of preset control pulses, which has the advantages of simple circuit structure and no compensation network. Figure 14 shows the experiment waveforms of V0 under the CC-PT controlled method. The coefficient of ratio α is 1. From (14) , the ripple of output voltage Δv0(nT) can be calculated. The largest Δv0(nT) is about ±0.49 V. It can be seen from Figure 14 that the ripple of V0 is the smallest among these three controlled methods. The value of the output voltage ripple is about 1 V, which is consistent with the calculation results of (14) .
(a) The CC-PT controlled method can adjust the output voltage by using two or more sets of combinations of preset control pulses, which has the advantages of simple circuit structure and no compensation network. 
(a) The CC-PT controlled method can adjust the output voltage by using two or more sets of combinations of preset control pulses, which has the advantages of simple circuit structure and no compensation network. (b) The SRG power generation system under the CC-PT controlled method can realize a fast response during start-up. By reasonably configuring the value of D H , the output voltage overshoot can be eliminated. (c) The start-up phase current is reduced, which makes the system more secure and cost saving.
The output voltage ripple is smaller than 5% of the rated value.
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